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High-resolution  synchrotron  X-ray  radiography  is  used  to  study  the  evolution  of  primary  water  clusters 
and  the  transport  of  liquid  water  from  the  catalyst  layer  through  the  gas  diffusion  layer  (GDL)  to  the  gas 
channels  of  a  low  temperature  polymer  electrolyte  membrane  (PEM)  fuel  cell.  The  liquid  water  content  is 
quantified  separately  in  the  respective  components;  in  the  hydrophobic  microporous  layer  (MPL)  almost 
no  liquid  water  can  be  observed.  In  the  adjacent  GDL,  depending  on  the  current  density  i0  water  clusters 
are  formed  which  lead  to  a  diffusion  barrier  for  the  reactant  gases.  Water  transport  dynamics  are  explained 
and  a  recently  proposed  eruptive  mechanism  describing  the  transport  from  the  GDL  to  the  gas  channels 
is  imaged  in  a  pseudo  three-dimensional  representation  [A.  Bazylak,  D.  Sinton,  Z.-S.  Liu,  N.  Djilali,  J. 
Power  Sources  163  (2007)  784-792;  S.  Litster,  D.  Sinton,  N.  Djilali,  J.  Power  Sources  154  (2006)  95-105;  I. 
Manke,  Ch.  Hartnig,  M.  Grunerbel,  W.  Lehnert,  N.  Kardjilov,  A.  Haibel,  A.  Hilger,  H.  Riesemeier,  J.  Banhart, 
Appl.  Phys.  Lett.  90  (2007)  174105].  Based  on  a  high  temporal  resolution  the  dynamics  of  the  liquid 
water  transport  are  observed;  transient  conditions  resembling  dynamic  operation  of  the  fuel  cell  are 
studied  and  an  estimation  of  the  time  required  to  reach  equilibrium  conditions  is  given.  The  obtained 
spatial  resolution  of  3  p>m  is  far  below  commonly  used  techniques  such  as  neutron  radiography  or  1H 
NMR.  Fundamental  aspects  of  cluster  formation  in  hydrophobic/hydrophilic  porous  materials  as  well  as 
processes  of  multi-phase  flow  are  addressed. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

In  polymer  electrolyte  fuel  cells  (PEMFCs)  the  chemical  energy 
stored  in  hydrogen  and  oxygen  is  converted  to  electrical  and  ther¬ 
mal  power  [4-6] ;  if  the  hydrogen  is  produced  based  on  regenerative 
energy  sources  such  as  wind  or  solar  energy,  almost  no  carbon  diox¬ 
ide  will  evolve  which  is,  in  the  course  of  the  current  discussions  and 
environmental  considerations,  a  highly  desirable  situation.  A  vari¬ 
ety  of  factors  influence  the  broad  market  introduction,  the  most 
striking  ones  are  besides  the  price  of  the  fuel  cells  (which  is  consid¬ 
erably  high  due  to  the  noble  metal  content)  the  long-term  stability 
and  an  optimum  performance  over  a  broad  range  of  operating  con¬ 
ditions. 

In  Fig.  1  the  setup  of  a  state-of-the-art  PEM  fuel  cell  is  dis¬ 
played  which  is  employed  to  convert  the  electrochemically  stored 
energy  of  hydrogen  and  oxygen  to  water.  Water  plays  a  crucial  role 
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in  the  fuel  cell  processes:  in  the  electrochemical  reaction,  water 
is  involved  in  elementary  reaction  steps  of  oxygen  reduction;  the 
presence  of  water  is  also  required  to  enable  the  desorption  of  the 
oxidation  products  from  the  surface  to  migrate  to  the  membrane. 
For  the  polymer  electrolyte  membrane  (PEM),  certain  humidity  is 
necessary  to  keep  the  protonic  conductivity  [7-9].  A  dry  mem¬ 
brane  undergoes  structural  changes  and  the  conductivity  collapses 
[10,11].  In  the  adjacent  gas  diffusion  layer  (GDL),  water  is  usually 
transported  in  gas  phase  from  the  catalyst  layer  to  the  gas  channels 
of  the  flow  field.  However,  at  high  current  densities  (or  in  other 
words,  at  high  water  production  rates)  the  saturation  pressure  of 
water  can  be  exceeded  leading  to  the  existence  of  two  phases,  water 
vapor  and  liquid  water.  The  latter  phase  might  lead  to  blocked 
pathways  in  the  GDL  and  the  catalyst  layers  which  in  turn  limits 
the  maximum  achievable  power  density.  These  two-phase  or  even 
multi-phase  flow  phenomena  are  not  limited  to  fuel  cell  processes 
but  play  an  important  role  in  several  natural  and  technical  pro¬ 
cesses:  water  transport  through  pores  in  rocks  and  sands  takes  place 
whenever  stony  materials  are  in  contact  with  a  humid  atmosphere 
[12].  Immiscible  phases  also  appear  in  combinations  of  hydrophobic 
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larger  clusters  which  erupt  from  the  porous  media  in  a  consecutive 
combination  of  Haines  jumps  and  choke-off  effects. 


Fig.  1.  Fuel  cell  setup  and  viewing  directions:  1  and  5  are  the  anodic  resp.  cathodic 
flow  field,  2  and  4  the  gas  diffusion  layers  (GDL)  and  3  is  the  membrane-electrode- 
assembly  (MEA).  The  cross-sectional  (in  plane)  view  allows  for  an  investigation  of 
the  water  transport  from  the  catalyst  layer  to  the  gas  channel. 

and  hydrophilic  materials  which  are  present  in  various  engineer¬ 
ing  applications,  e.g.,  in  petroleum  engineering.  The  exploration 
of  crude  oil  from  oil  sands  by  means  of  hot  water  and  steam  is  a 
typical  process  which  can  be  described  as  a  multi-phase  system 
with  the  water  forming  a  contact  layer  on  the  largely  hydrophilic 
sand  surface  [12].  These  processes  have  been  described  by  numer¬ 
ous  theoretical  models  [13],  most  of  them  without  experimental 
verification. 

Several  approaches  employing  modified  fuel  cells  with  transpar¬ 
ent  parts  were  proposed  to  visualize  the  water  transport  [14-16]. 
However,  such  modifications  lead  to  unpredictable  interference 
with  the  water  distribution. 1 H  NMR  suffers  thereby  from  the  exis¬ 
tence  of  metallic  parts  such  as  end  plates  [17-19].  Due  to  the  high 
sensitivity  to  hydrogen,  neutron  radiographic  visualization  became 
important  to  detect  liquid  water  in  operating  fuel  cells  [20-33]. 
Most  of  these  works  focus  on  the  transport  of  rather  large  droplets 
and  accumulation  of  water  in  the  flow  field  channels  and  the  GDL 
taking  the  top  view  on  the  electrochemically  active  area  (through 
plane)  into  account  (compare  to  Fig.  1).  Recently,  several  groups 
investigated  the  in-plane  water  distribution  by  means  of  neutron 
radiography  [20,22,24-31,33];  depending  on  the  detector  system 
spatial  resolutions  even  below  30  |xm  have  been  obtained  [30,31]. 
However,  the  severely  enhanced  spatial  resolution  is  counterbal¬ 
anced  by  long  image-to-image  times  in  the  range  of  several  minutes. 
These  limitations  were  overcome  by  means  of  synchrotron  X-ray 
radiography.  The  initial  formation  of  small  water  agglomerations, 
the  transport  processes  in  the  GDL  and  the  transition  from  the  GDL 
to  the  gas  channel  are  visualized  engaging  a  resolution  down  to 
3  pan  [3].  Depending  on  the  operating  conditions  such  as  the  rate 
of  current  production,  the  condensation  of  water  vapor  forming  liq¬ 
uid  water  in  the  GDL  has  been  observed.  The  influence  of  the  degree 
of  hydrophobicity  of  the  different  components  such  as  microporous 
layer  (MPL)  and  GDL  on  the  existence  of  liquid  water  can  be  tracked. 
The  results  allow  for  an  in-depth  analysis  and  understanding  of 
factors  influencing  the  water  management  which  resembles  a  key 
issue  for  a  high  performance  and  a  long-term  stability  of  fuel  cells. 
As  obvious  from  the  presented  results,  not  only  the  effects  of  dif¬ 
ferent  surface  properties  in  terms  of  hydrophobicity  can  be  taken 
into  account,  but  fundamental  transport  mechanisms  known  from 
theoretical  models  which  are  usually  applied  to  describe  transport 
processes  in  porous  environments  have  been  visualized  as  well; 
caused  by  the  surface  tension  of  water  in  a  hydrophobic  surround¬ 
ing,  a  so-called  compact  cluster  growth  initiates  the  formation  of 


2.  Experimental 

A  single  channel  fuel  cell  setup  has  been  designed  to  fulfill 
two  preconditions,  the  resemblance  to  a  realistic  system  as  well 
as  the  possibility  to  render  the  different  components  of  the  fuel 
cell  and  to  gain  a  cross-sectional  insight  into  the  evolution  and 
transport  of  water.  A  serpentine  flow  field  design  was  used  with 
an  electrochemically  active  area  of  12  cm2  machined  in  graphite 
composite  material.  SGL  Sigracet  10  BB  gas  diffusion  material  with 
a  poly-tetrafluorethylene  (PTFE)  loading  of  5%  was  applied  to  both 
electrodes,  and  a  GORE  5621  MEA  with  a  membrane  thickness  of 
40  |xm  was  used  with  catalyst  loadings  of  0.3  mg  cm-2  at  the  anode 
and  0.4  mg  cm-2  at  the  cathode  [34].  The  cell  is  kept  tight  by  silicon 
gaskets.  The  upright  positioned  fuel  cell  was  operated  at  standard 
parameter  settings  at  all  performed  tests;  the  cathodic  utilization 
rate  uc  describing  the  fraction  of  gas  (air)  consumed  along  the  reac¬ 
tive  area  is  set  to  uc  =  25%,  the  anodic  utilization  rate  to  uA  =  90%,  and 
the  temperature  of  the  stack  to  T=  60  °C.  The  cathodic  gas  stream 
was  humidified  at  a  dew  point  of  25  °C,  while  the  anodic  gas  stream 
remained  unhumidified.  Ambient  pressure  was  kept  at  the  media 
outlets.  The  current  density  i0  which  determines  the  amount  of 
water  produced  in  the  electrochemical  reaction  is  varied  between 
300  and  700  mA cm-2.  Each  operation  point  has  been  set  for  20  min 
so  that  equilibrated  conditions  were  reached  when  monitoring  the 
liquid  water  content  as  function  of  current  density.  For  the  observa¬ 
tion  of  the  transient  behavior  of  the  water  content,  the  switch  of  the 
current  density  has  been  undertaken  during  imaging.  The  humidi¬ 
fication  of  the  gas  flow  is  below  complete  saturation  at  the  chosen 
operating  parameters,  i.e.,  formed  water  droplets  can  evaporate  and 
are  not  only  shoved  away  by  the  gas  flow. 

The  synchrotron  X-ray  energy  was  chosen  in  a  way  to  strongly 
enhance  the  sensitivity  to  water;  the  contrast  between  the  atten¬ 
uation  of  water  and  fuel  cell  components  such  as  the  surrounding 
gas  diffusion  material  and  gaskets  is  thereby  optimized.  The  experi¬ 
ments  were  performed  at  the  tomography  facility  of  the  BAMline  at 
the  synchrotron  BESSY  (Berlin,  Germany).  A  monochromatic  X-ray 
beam  with  an  energy  of  13  keV  and  an  energy  resolution  of  about 
AE/E=W~2  was  applied.  A  Princeton  (VersArray  2048B)  CCD  cam¬ 
era  with  2048  pixel  x  2048  pixel  was  used  to  capture  images  up  to 
7  mm  x  7  mm  large  with  corresponding  image  pixel  sizes  between 
1.5  and  3.5  |xm  which  correspond  to  a  physical  spatial  resolution  of 
3-7  |xm.  The  measurement  time  per  image  was  between  3-5  s,  1  s 
for  exposure  and  about  2-4  s  for  data  read-out. 

3.  Results 

3.1  Dependence  of  water  content  on  current  density 

In  Fig.  2  a  cross-sectional  view  of  a  fuel  cell  is  displayed  in 
which  the  individual  components  of  a  cell  can  be  clearly  differenti¬ 
ated.  Images  taken  during  the  measurements  are  normalized  with 
respect  to  a  water  free  (dry)  cell.  Thereby,  the  unhumidified  reac¬ 
tant  gas  flow  is  switched  on  and  no  electric  load  is  applied  so  that 
no  net  water  is  produced  (the  so-called  open-circuit  voltage  can 
be  observed  which  is  due  to  the  electrochemical  potential  formed 
at  the  electrodes).  Fig.  2  is  derived  from  the  normalization  where 
components  such  as  gaskets  are  subtracted  (quotient  wet  image  I  dry 
image )  and  do  not  influence  the  results;  water  can  hereby  be  iden¬ 
tified  as  bright  spots.  At  the  bottom,  a  schematic  drawing  of  the  cell 
components  is  added  clarifying  the  different  parts  of  the  image:  the 
core  of  the  fuel  cell,  the  membrane-electrode-assembly  (MEA)  con¬ 
sisting  of  the  perfluorinated  sulfonic  acid  (PFSA)  membrane  with 
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Fig.  2.  Normalized  image  of  the  cross-section  of  a  PEM  fuel  cell.  The  image  has  been 
normalized  with  respect  to  an  empty  (water  free)  cell.  Water  agglomerates  can  be 
identified  in  this  representation  as  bright  spots;  the  schematic  drawing  of  the  cell 
in  the  lower  part  clarifies  the  respective  components.  The  differentiation  between 
MPL  and  GDL  is  demonstrated  in  the  inset. 


the  catalyst  attached  on  both  sides  in  the  centre  of  the  cell  exhibits 
a  high  absorption  coefficient.  Since  the  energy  of  the  X-ray  beam  has 
been  chosen  to  achieve  a  maximum  sensitivity  towards  water,  the 
platinum  content  of  the  supported  catalyst  leads  to  the  aforemen¬ 
tioned  high  absorption  coefficient.  The  count  rate  of  the  incident 
beam  is  thereby  less  than  a  few  percent  compared  to  neighboring 
parts.  Although  some  slight  blurring  caused  by  small  angle  scatter¬ 
ing  might  exist,  its  overall  contribution  is  negligible  compared  to 
the  effect  due  to  refraction,  i.e.,  phase  contrast  effects  that  yield  a 
sharp  signal  variation  at  edges. 

The  central  part  of  the  cross-section  is  magnified  in  the  inset 
of  Fig.  2.  At  both  sides  of  the  MEA  are  the  GDLs.  Attached  on 
the  GDL  next  to  the  MEA  is  a  so-called  MPL  which  can  be  dis¬ 
tinguished  from  the  carbon  fiber  as  a  fine  grained  structure.  The 
MPL  mainly  consists  of  carbon  black  and  PTFE  which  results  in  a 
predominantly  hydrophobic  material.  The  MPL  ensures  an  equili¬ 
brated  water  content  of  the  catalytic  area;  due  to  its  microstructure 
with  very  hydrophobic  and  therefore  water-free  spots  caused  by 
the  PTFE,  the  MPL  allows  for  the  diffusion  of  reactant  gases  to  the 
catalyst  layer.  To  both  sides  of  the  GDLs  the  cathodic,  respectively 
anodic  flow  field  channels  and  the  back  wall  of  the  flow  field  can 
be  identified. 

In  an  operating  fuel  cell,  water  is  predominantly  formed  at  the 
cathode;  in  addition,  water  molecules  are  transported  from  the 
anode  through  the  membrane  to  the  cathode  by  the  electro-osmotic 
drag  leading  to  high  water  concentrations  on  the  cathode  and,  in  the 
worst  case,  to  drying  phenomena  on  the  anode.  Flowever,  the  gra¬ 
dient  of  the  water  concentration  invokes  the  back-diffusion  where 
the  water  is  transported  in  the  opposite  direction  from  the  cathode 
to  the  anode  which  ensures  a  sufficient  humidification  of  the  anode. 
Depending  on  the  current  density  one  of  the  processes  is  favored 
above  the  other  which  will  be  addressed  in  more  detail  below. 
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Fig.  3.  Liquid  water  formation  as  function  of  current  density  i0:  (a)-(e),  (a) 
at  i0  =  250mA cm-2  hardly  any  liquid  water  is  formed;  (b):  larger  values  of  i0 
(420mA cm-2)  lead  to  initial  water  clusters  on  the  cathode  (white  spots);  at 
i o  =  500  mA  cm-2  water  clusters  appear  at  the  anode;  (c)-(e):  from  i0  =  500  mA  cm-2 
onwards  water  clusters  are  present  to  a  large  extent  in  both  gas  diffusion  electrodes. 
Horizontal  stripes  are  artifacts  caused  by  thermal  fluctuation  of  the  monochromator 
setup;  the  black  box  depicts  the  area  used  to  quantify  the  water  content  as  displayed 
in  Fig.  5. 

Normalized  images  of  the  fuel  cell  operating  at  different  cur¬ 
rent  densities  are  displayed  in  Fig.  3.  The  current  density  i0 
determines  the  rate  of  water  production;  increasing  i0  leads  to 
enhanced  water  formation  and  vice  versa.  At  low  current  den- 
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Fig.  4.  Through-plane  observations  show  clearly  the  initial  spots  of  liquid  water 
formation  (bright  spots)  beneath  the  ribs  of  the  flow  field  channel. 

sides  (i0  =  250  mA  cm-2,  Fig.  3a)  hardly  any  liquid  water  can  be 
detected;  product  water  from  the  electrochemical  reaction  is  trans¬ 
ported  mainly  in  gas  phase,  phenomena  like  two-phase  flow  do  not 
play  a  significant  role  at  these  operating  conditions.  With  increas¬ 
ing  current  density  (z0  =  420  mAcm-2,  Fig.  3b)  liquid  water  appears 
primarily  in  the  cathodic  GDL  which  is  the  place  where  the  protons 
transported  through  the  membrane  recombine  with  the  reaction 
products  of  the  oxygen  reduction  reaction  to  form  liquid  water.  At 
higher  current  densities  at  both  the  anodic  and  cathodic  side  liq¬ 
uid  water  is  observed  (z0  >  500  mA cm-2,  Fig.  3c-e)  resulting  from 
the  back  diffusion  due  water  gradient  between  anode  and  cath¬ 
ode.  Two  main  positions  of  liquid  water  agglomerations  can  be 
estimated  along  the  cross-section.  The  first  one  located  close  to 
the  gas  channel  and  the  second  one  next  to  the  MPL.  Due  to  its 
hydrophobic  nature,  the  MPL  contains  hardly  any  liquid  water.  In 
both  cases  the  liquid  water  is  located  in  the  area  beneath  the  ribs 
of  the  flow  field  forming  a  diffusion  barrier  for  the  reactant  gases. 
The  formation  of  this  diffusion  barrier  can  be  explained  by  slight 
temperature  differences  between  the  electrochemically  active  area 
and  the  adjacent  GDL  and  the  MPL:  liquid  water,  which  might  exist 
at  the  catalyst  surface,  evaporates  and  diffuses  through  the  MPL 
where  due  to  the  high  hydrophobicity  no  condensation  can  take 
place.  Once  the  water  vapor  reaches  the  GDL,  the  gas  pressure  of 
the  water  is  reached  and  condensation  on  hydrophilic  spots  steps 
in  next  to  the  MPL.  The  further  transport  of  these  agglomerates  can 
either  take  place  in  gas  phase  or  in  liquid  phase  and  is  subject  of 
ongoing  research  activities.  The  exact  position  and  a  differentiation 
between  spots  beneath  the  ribs  or  the  lands  of  the  flow  field  can  be 
determined  by  means  of  a  perpendicular  view  (through  plane)  ren¬ 
dering  the  clustering  beneath  the  ribs  obvious  (Fig.  4,  compare  to 
Fig.  1  for  viewing  directions).  In  the  areas  under  the  channel  of  the 
flow  field  hardly  any  water  clusters  can  be  detected  in  the  gas  diffu¬ 
sion  media  underlining  the  liquid  water-free  conditions.  Under  the 
ribs  of  the  flow  field  water  clusters  are  visible  and  marked  by  arrows 
in  Fig.  4;  due  to  several  interacting  factors  liquid  water  preferably 
evolves  under  the  lands  of  the  flow  field:  not  only  is  the  porosity 
of  the  GDL  reduced  due  to  the  compression  but  also  the  electri¬ 
cal  conductivity  is  increased.  The  previously  employed  explanation 
of  elongated  diffusion  pathways  compared  to  areas  with  a  direct 
connection  to  the  gas  channel  cannot  be  applied  based  on  the  loca¬ 
tion  next  to  the  land  of  the  flow  field  (a  detailed  explanation  of  the 
evolution  and  position  of  the  water  clusters  is  given  in  Ref.  [3]). 

Liquid  water  agglomerates  were  quantified  by  summation  of  100 
rows  along  the  marked  area  in  Fig.  3.  The  relative  amounts  along 
the  cross-section  as  a  function  of  z0  are  displayed  in  Fig.  5.  The  local 


Fig.  5.  Quantification  and  location  of  liquid  water  in  the  cathodic  (C)  and  anodic 
(A)  gas  diffusion  layer.  Depending  on  the  operating  conditions,  one  or  two  diffusion 
barriers  formed  by  liquid  water  can  be  detected.  The  water  content  of  the  MEA  is 
shaded  due  to  the  low  statistics  caused  by  high  absorption  coefficients  of  platinum. 

water  thickness  is  calculated  in  a  standardized  way  based  on  the 
attenuation  coefficient  of  liquid  water  at  the  corresponding  energy; 
more  details  can  be  found  in  Ref.  [3].  As  already  estimated  quali¬ 
tatively  from  Fig.  3,  at  low  current  densities  only  small  amounts  of 
water  condense  in  the  vicinity  of  the  MPL  indicating  an  almost  liq¬ 
uid  water  free  situation.  At  higher  current  densities  larger  clusters 
are  formed  which  might  act  as  diffusion  barrier  for  reactant  gases.  A 
first  maximum  of  the  liquid  water  distribution  is  located  directly  in 
the  GDL  in  close  proximity  to  the  MPL;  a  second  maximum  resides 
beneath  the  rib  next  to  the  channel.  Water  stemming  from  the  elec¬ 
trochemical  reaction  condenses  near  the  catalyst,  caused  by  slightly 
decreased  temperatures  (compared  to  the  catalytically  active  spots) 
and  mass  transport  limitations  due  to  the  external  humidifica¬ 
tion.  On  the  anode,  a  similar  behavior  can  be  observed:  contrary 
to  the  processes  on  the  cathode,  already  at  low  current  densities 
(z0  =  300-400  mA  cm-2)  primary  spots  of  liquid  water  accumulate 
in  the  GDL  close  to  the  MPL.  With  increasing  values  of  z'o  the  amount 
of  liquid  water  increases  and  a  more  or  less  dense  layer  is  formed. 
A  second  diffusion  barrier  close  to  the  channel  of  the  flow  field 
caused  by  liquid  water  as  observed  at  the  cathode  is  not  observed 
at  the  anode  where  no  transport  limitations  due  to  the  humidifi¬ 
cation  exist.  Only  at  higher  current  densities  (z0  > 500mA cm-2)  a 
significant  second  peak  is  observed  which  is  comparable  to  the  one 
formed  on  the  cathode.  The  maxima  of  the  liquid  water  content 
close  to  the  reaction  layer  appear  higher  at  the  anode  for  all  but  the 
highest  investigated  current  density.  The  aforementioned  balance 
between  the  back  diffusion  and  the  electro-osmotic  drag  is  hinted 
at  by  this  distribution:  only  at  high  current  densities  the  back  dif¬ 
fusion  is  outweighed  by  the  electro-osmotic  drag.  Therefore,  the 
operation  mode  implying  an  external  humidification  of  just  the 
cathode  to  humidify  the  anode  has  been  proven  on  a  microscopic 
scale. 

3.2.  Transient  conditions 

The  major  advantage  of  synchrotron  based  methods  compared 
to  many  other  in  situ  imaging  methods  are  the  aforementioned 
short  image-to-image  times  which  allow  for  a  detailed  investiga¬ 
tion  of  fast  processes  and,  as  demonstrated  here,  the  observation 
of  transient  conditions.  The  response  of  the  water  content  at 
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Fig.  6.  Dynamics  of  water  formation  in  the  gas  diffusion  layer  at  transient  current  densities:  (a)  visualization  of  the  water  distribution  and  (b)  quantification  of  the  water 
amount  in  the  different  layers.  The  jump  in  the  current  density  from  i0  =  500  to  i0  =  600  mAcm-2  is  followed  by  an  increase  of  the  liquid  water  content  in  the  anodic  gas 
diffusion  layer;  the  degree  of  filling  on  the  cathode  already  reached  a  stationary  point  where  only  slight  changes  in  the  anodic  water  content  can  be  observed. 


transient  currents  is  described  in  more  detail  in  Fig.  6.  Transient  cur¬ 
rents  describe  a  situation  of  changing  power  requests:  in  contrast 
to  stationary  conditions  where  none  of  the  operating  conditions 
are  changed,  in  the  transient  regime,  e.g.,  the  current  density  is 
switched  from  one  value  to  the  next  one  resembling  a  dynamic 
operation  mode  as,  e.g.,  in  automotive  applications.  At  t  =  0  the  cur¬ 
rent  density  is  switched  from  i0  =  500  to  z0  =  600 mAcm-2.  Based 
on  the  findings  in  Fig.  5,  this  jump  of  the  current  density  has  been 
chosen  in  order  to  follow  the  increase  of  cathodic  water  content 
and  the  formation  of  the  peak  next  to  the  channel  on  the  anode. 
Qualitatively,  an  increase  of  the  water  content  especially  in  the 
anodic  GDL  can  be  estimated  from  Fig.  6a.  After  approximately 
10-15  min,  an  equilibrium  condition  is  reached  on  both  electrodes 
where  the  water  content  is  constant.  A  quantification  of  the  time 
dependence  of  the  liquid  water  content  is  displayed  in  Fig.  6b: 
on  the  cathode,  the  two  maxima  next  to  the  MPL  and  beneath 
the  rib  of  the  flow  field  quickly  reach  the  maximum  due  to  the 
increased  water  production  and  the  contribution  from  the  adjusted 
humidified  gas  stream.  Once  the  water  content  has  reached  a  sta¬ 
tionary  condition,  additional  water  is  transported  to  the  gas  channel 
with  only  a  slight  increase  of  the  total  amount  in  the  GDL.  On 
the  anode,  the  maximum  of  the  water  distribution  adjacent  to  the 
MPL  does  not  change  significantly  with  increasing  water  produc¬ 
tion  rate.  A  second  maximum  develops  next  to  the  gas  channel 
which  is  comparable  to  the  distribution  on  the  cathode  and  might 
influence  the  gas  transport  by  building  a  diffusion  barrier.  Due  to 
the  much  slower  transport  of  water  through  the  membrane  com¬ 
pared  to  gas  phase  as  on  the  cathode,  the  equilibrium  is  reached 
after  a  much  longer  period.  This  water  thickness  has  not  been 
observed  until  a  certain  threshold  value  of  the  current  density  is 
reached  which  is  (at  the  chosen  operating  conditions)  between  500 
and  600 mAcm-2. 

3.3.  Dynamics 

Besides  the  mere  location  of  the  agglomerates  the  dynamics  of 
the  liquid  water  transport  from  the  catalytic  layer  to  the  flow  field 
channel  is  of  major  interest  not  only  to  shed  light  on  the  trans¬ 
port  processes  but  to  compare  the  mechanisms  found  to  theoretical 
descriptions  and  to  estimate  the  contribution  of  multi-phase  flow 
phenomena  to  the  overall  transport.  The  transport  of  liquid  water 
is  elucidated  in  more  detail  in  Fig.  7.  Displayed  are  two  consecu¬ 
tive  images  with  a  time  resolution  of  5  s  and  the  differential  image 


(technically  spoken,  the  quotient  image  of  the  two  images)  at  a  cur¬ 
rent  density  at  which  liquid  water  is  observed  (i0  =  500 mAcm-2). 
The  two  water  layers  close  to  the  channel  and  next  to  the  MPL  at  the 
right  side  have  already  been  described.  Due  to  the  integral  nature  of 
these  images  (two  areas  beneath  the  ribs  to  each  side  of  the  channel 
are  considered)  a  distinction  cannot  be  made  in  terms  of  water  in 
the  foreground  and  in  the  rear  part.  Within  the  observation  period 
between  two  images  a  water  droplet  is  formed  in  the  channel;  small 
water  clusters  incorporated  in  the  prevalently  hydrophobic  GDL 
merge  to  form  larger  ones  which  finally  erupt  (‘burst’)  from  the 
GDL  to  the  gas  transport  channels. 

A  different  way  to  interpret  the  observed  phenomena  is  based  on 
a  description  as  employed  in  geological  disciplines:  compact  cluster 
growth  of  a  non-wetting  liquid  (water)  in  hydrophobic  pores  results 
from  Haines  jumps  which  are  caused  by  interfacial  advances  in  a 
very  much  localized  section.  The  capillary  pressure  in  the  neigh¬ 
boring  entity  is  lower  than  in  the  vicinity  which  causes  the  smaller 
clusters  to  burst  to  neighboring  pores.  The  transition  (avalanche)  to 
the  gas  channel  is  triggered  by  the  same  factors,  whereas  for  this 
process  an  additional  mechanism  can  be  observed.  The  bursting 
droplet  carries  away  water  from  the  GDL  and  the  ‘supply’  is  not  suf¬ 
ficient  to  fill  the  pores.  These  choke-offs  lead  to  empty  pores  which 
are  filled  afterwards  and  the  cycle  starts  again  [35-37].  The  eruptive 
mode  has  been  proposed  on  the  basis  of  previous  neutron  radio- 
graphic  experiments  [38]  and  was  verified  in  recent  ex  situ  and  in 
situ  experiments  [1-3].  The  differential  plot  of  two  images  (Fig.  7c) 
allows  for  a  determination  of  the  origin  and  the  new  position  of  the 
liquid  water  and  gives  an  approximation  of  the  catchment  area  for 
droplet  formation  which  might  cover  more  than  1  mm2. 

The  cyclic  behavior  of  the  transport  process  is  quantified  by 
means  of  the  amount  of  liquid  water  in  the  gas  channel  (Fig.  8) 
where  the  peaks  denote  erupted  water  droplets.  Within  the  whole 
transport  process,  the  bursts  are  observed  at  the  same  position 
indicating  the  existence  of  preferred  pathways  in  the  porous  mate¬ 
rial.  In  recent  ex  situ  investigations,  bursting  water  droplets  have 
been  observed  and  the  formation  of  preferred  apertures  on  the  GDL 
surface  has  attributed  to  broken  fibers  in  the  porous  material.  The 
sites  of  fractures  caused  by  the  material  compression  at  the  edges 
of  the  flow  field  ribs  lead  to  hydrophilic  spots  in  a  hydrophobic 
surrounding  at  which  the  water  might  preferably  condense  [2]. 
As  the  eruptive  mechanism  takes  place  only  at  current  densities 
io  >  400  mA  cm-2,  a  current  threshold  can  be  estimated  above  which 
the  contribution  of  liquid  water  might  raise  the  need  for  micro- 
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Fig.  7.  Eruptive  water  transport  from  the  gas  diffusion  media  to  the  flow  field  channel:  (a)  and  (b)  white  spots  denote  water  agglomerates  before  and  after  water  eruption;  (c) 
differential  image  of  the  images  (a)  and  (b);  blue:  water  clusters  which  were  transported  to  the  channel  to  form  the  droplet  (red).  The  interplay  of  the  preferably  hydrophobic 
substrate  and  the  water  results  in  an  eruptive  behavior  of  the  transport  process  (detailed  operating  conditions  are  given  in  the  text). 


Fig.  8.  Cyclic  water  eruptions.  The  cyclic  character  of  the  eruptive  water  transport 
mechanism  is  determined  by  the  amount  of  liquid  water  in  the  channel  (detailed 
operating  conditions  are  given  in  the  text). 

scopic  non-continuum  models  to  adequately  describe  the  water 
transport  [39-44,47]. 

4.  Conclusion 

We  have  investigated  the  cross-sectional  transport  of  liquid 
water  in  porous  gas  diffusion  materials  as  employed  in  low  tem¬ 
perature  fuel  cells  by  means  of  synchrotron  X-ray  radiography  with 
a  spatial  resolution  of  3  p,m  and  a  time  resolution  of  5  s.  The  water 
distribution  in  the  GDL  strongly  depends  on  the  water  production 
rate  (the  current  density)  and  up  to  two  different  diffusion  barri¬ 
ers  caused  by  liquid  water  were  detected  at  high  current  densities. 
The  position  of  these  diffusion  barriers  depends  on  the  hydropho¬ 
bic/hydrophilic  properties  of  the  employed  materials. 

Transient  conditions  caused  by  changes  of  the  current  den¬ 
sity  have  been  observed  with  regard  on  acquiring  equilibrium 
conditions  in  the  water  distribution;  a  delay  of  up  to  12  min  is 
needed  to  achieve  a  static  condition  at  current  densities  exceeding 
500  mA  cm-2. 

The  microscopic  transport  of  liquid  water  is  described  by  con¬ 
secutive  Haines  jumps  leading  to  a  compact  water  cluster  growth  in 


the  GDL.  At  the  transition  from  the  GDL  to  the  gas  channel,  choke- 
off  effects  cause  emptied  pores  which  are  filled  gradually  and  lead 
to  a  cyclic  transport  behavior.  These  results  approve  furthermore 
transport  theories  used  within  the  framework  of  percolation  theory 
[45,46]. 

The  presented  finding  might  serve  as  basis  to  develop  tailor- 
made  materials  with  customized  properties  to  remove  excess 
liquid  water  more  efficiently.  A  uniform  distribution  of  the  liquid 
water  might  finally  lead  to  an  increased  performance  and  dura¬ 
bility.  Modeling  approaches  of  multi-phase  flows  can  be  adapted 
based  on  these  results  and  estimations  on  the  amount  of  liquid 
water  involved  in  the  overall  two-phase  water  transport  might  be 
deduced  [47,48]. 
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